Dopamine is a neuromodulator the functions of which in the regulation of complex behaviors such as mood, motivation, and attention are well known. Dopamine appears in the brain early in the embryonic period when none of those behaviors is robust, raising the possibility that dopamine may influence brain development. The effects of dopamine on specific developmental processes such as neurogenesis are not fully characterized. The neostriatum is a dopamine-rich region of the developing and mature brain. If dopamine influenced neurogenesis, the effects would likely be pronounced in the neostriatum. Therefore, we examined whether dopamine influenced neostriatal neurogenesis by influencing the cell cycle of progenitor cells in the lateral ganglionic eminence (LGE), the neuroepithelial precursor of the neostriatum. We show that dopamine arrives in the LGE via the nigrostriatal pathway early in the embryonic period and that neostriatal neurogenesis progresses in a dopamine-rich milieu. Dopamine D1-like receptor activation reduces entry of progenitor cells from the G 1 -to S-phase of the cell cycle, whereas D2-like receptor activation produces the opposite effects by promoting G 1 -to S-phase entry. D1-like effects are prominent in the ventricular zone, and D2-like effects are prominent in the subventricular zone. The overall effects of dopamine on the cell cycle are D1-like effects, most likely because of the preponderance of D1-like binding sites in the embryonic neostriatum. These data reveal a novel developmental role for dopamine and underscore the relevance of dopaminergic signaling in brain development.
Introduction
Monoamines, such as dopamine, are among the earliest neurochemical systems to develop in the embryo. The early appearance and continued presence of dopamine throughout the prolonged sequence of CNS development suggest that an imbalance in the dopaminergic system could affect brain development. Dopaminergic imbalance in the developing brain can occur under various conditions. Drugs of abuse such as cocaine target dopaminergic systems of the developing brain and cause lasting neurological dysfunction (Hope et al., 1992; Nestler et al., 1993; Kosofsky et al., 1994; Levitt et al., 1997; Stanwood et al., 2001) . Cocaine penetrates the placental barrier, interferes with dopamine uptake and storage mechanisms, and disrupts dopamine receptor signaling (Kosofsky et al., 1994; Wang et al., 1995; Shearman et al., 1996; Levitt et al., 1997) . Drugs such as methylphenidate that are used in the treatment of childhood behavioral afflictions also can alter dopamine levels in the brain (Moll et al., 2001) . Schizophrenia also is associated with dopamine imbalance and may have a developmental origin (Bloom, 1993; Weinberger, 1995; Benes, 2000; Schwartz et al., 2000) .
Although the role of dopamine in normal development of the brain and behavior is beginning to be understood, its role in modulating critical developmental processes such as neurogenesis is not fully understood. If the effects of dopamine on neurogenesis are characterized at the level of the cell cycle, it might be possible to gain further insights into the way in which chemical substances or disease processes that interfere with the dopaminergic system disrupt normal development of the brain and behavior.
Perhaps in no other telencephalic region is the role of dopamine more evident than in the neostriatum, a dopamine-rich component of the basal ganglia. Neostriatal neurons arise from the lateral ganglionic eminence (LGE). The LGE along with the medial ganglionic eminence is also a source of GABAergic neurons of the cerebral cortex, olfactory bulb, and hippocampus (Anderson et al., 1997; Tamamaki et al., 1997; Lavadas et al., 1999; Marin et al., 2000) . We show that dopamine receptor activation modulates the progression of LGE progenitors from the G 1 -phase to the S-phase of the cell cycle.
Materials and Methods
Animals. We used CD1 mice (Charles River Laboratories, Wilmington, MA) housed in our institutional animal facility. Female mice housed with a male for the previous 15-17 hr were examined for the presence of vaginal plugs at 9:00 A.M. Presence of the plug was taken to indicate conception; the day of plug was designated embryonic day (E) 0, and the day of birth was designated postnatal day (P) 0.
The time of onset of neostriatal neurogenesis. Bromodeoxyuridine (BUdR) (Sigma, St, Louis, MO; 50 g/gm body weight) was administered as a single intraperitoneal injection to dams carrying E11, E12, E13, or E15 mice. Offspring were anesthetized (ketamine, 50 mg/kg body weight, and xylazine, 10 mg/kg body weight, i.p.) on P30 and perfused through the heart with 70% ethanol. BUdR immunohistochemistry was performed on 4-m-thick, paraffin-embedded coronal sections through the neostriatum (Bhide, 1996) . The sections were counterstained with basic fuchsin. The distribution of BUdR-labeled cells with respect to neostriatal borders was examined (see Fig.  1 
A-C).
In other experiments, BUdR and methyl tritiated thymidine ( 3 HTdR) were injected sequentially. Pregnant dams carrying E11, E12, E13, E15, and E18 mice were given a single injection of 3 H-TdR (DuPont/New England Nuclear, Boston, MA; 5 Ci/gm body weight, i.p.). Beginning 2 hr later, BUdR was injected at 3 hr intervals for a total duration of 9 hr (E11 and E12), 15 hr (E13), or 24 hr (E15 and E18). Offspring from the 3 H-TdR-and BUdR-injected mothers were anesthetized on P30 and perfused through the heart with 70% ethanol. Four-micrometer-thick paraffin-embedded coronal sections through the neostriatum were processed for BUdR immunohistochemistry and autoradiography (Sheth and Bhide, 1997) . Three types of labeled cells were present in the autoradiograms: BUdR-only labeled cells, 3 H-TdR and BUdR double-labeled cells, and 3 H-TdR-only labeled cells. The 3 H-TdR-only labeled cells left the S-phase during the 2 hr interval between the 3 H-TdR and the first BUdR injection and did not reenter the cell cycle (Takahashi et al., 1994) . Those are the cells of interest. Their position was examined with respect to neostriatal borders.
In every type of experiment, two to three pregnant mice were used. Four to six sections each from at least three brains from each litter were analyzed for each age group.
Tyrosine hydroxylase immunohistochemistry. Brains from E11, E12, E13, E14, E15, and E17 mice were immersion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer. Immunohistochemistry was performed using tyrosine hydroxylase (TH) antibody (rabbit polyclonal antiserum; Eugene Tech, Eugene, OR; diluted 1:1000) and DAB as the chromagen on 50-m-thick cryostat or vibratome sections of the brain. In other experiments, E13 mice were exposed continuously to BUdR for 6.5 hr before they were killed (a total of three BUdR injections at 3 hr intervals, and then they were killed 0.5 hr after the third BUdR injection). Brains were removed and fixed in paraformaldehyde. Double-labeling immunohistochemistry was performed on vibratome sections of the brains using fluorescent secondary antibodies against TH (Cy-3-conjugated donkey anti-rabbit IgG; Jackson ImmunoResearch, West Grove, PA) and BUdR (Cy-2-conjugated donkey anti-mouse IgG; Jackson ImmunoResearch). The sections were examined in a laser confocal microscope.
Estimation of dopamine content. Dopamine content was estimated by HPLC (LC-4B; Bioanalytical Systems, West Lafayette, IN) in the forebrains of E12, E13, E14, and E15 mice. In separate experiments, dopamine content was analyzed only in the basal forebrain from E13 mice whose mothers had received ascorbic acid or L-DOPA plus ascorbic acid in drinking water from E10 to E13. The measurements were standardized on a per milligram of tissue basis. Although samples of the basal forebrain from E13 mice could be collected, the small size of the brain on E11 and E12 made it difficult to collect and analyze such samples reliably. Therefore, to maintain uniformity of sampling across the age groups, in the developmental study, forebrain samples were used in all cases. Because only the basal forebrains were analyzed in the L-DOPA administration study, the dopamine content in the two series of experiments are different. Six to eight brains from each of two to three litters for each age were analyzed.
Explant cultures. Timed-pregnant CD1 mice carrying E13 or E14 embryos were anesthetized, and the embryos were removed one at a time. Embryos (or entire litters) that did not fall within the recommended range for E13 or E14 (Theiler, 1972) were discarded. From each embryo, explants of the dorsal wall of the cerebral hemispheres were prepared as described previously (Takahashi et al., 1999) . The explants were placed in a 50 l droplet of rat tail collagen held on ice in a 35 mm Petri dish. The dish was transferred to an incubator (37°C, 95% air/5% CO 2 ). Approximately 30 min after explantation, when collagen had gelled, 2.5 ml of the culture medium (DMEM/F12 with L-glutamine; Invitrogen, Grand Island, NY; final concentration 1ϫ) was added to each Petri dish, and BUdR (10 M) was added to the medium.
Explants were fixed with 70% ethanol at 2 hr intervals from the time of addition of the medium and BUdR, for a total duration of 12 hr. Fourmicrometer-thick, paraffin-embedded coronal sections from the mid portion of each explant were selected and processed for BUdR immunohistochemistry. The BUdR labeling index (LI; BUdR-labeled cells divided by all cells within a defined area) was calculated within a 120 ϫ 240 m 2 sector of the LGE. The sector was further subdivided into 20 bins (each bin was 12 ϫ 120 m 2 ). BUdR LI was calculated for each bin. D1-like receptor agonists SKF 38393 or SKF 81297 (1 or 10 M; RBI, Natick, MA) or D2-like agonists quinpirole hydrochloride or PD128907 hydrochloride (1 or 10 M; RBI, Natick, MA) were added to the culture medium at the same time as BUdR. In other experiments, D1 receptor antagonist Schering 23390 or D2 receptor antagonist eticlopride (RBI, Natick, MA) were used to block the specific receptors before the addition of the agonists. Dopamine (Sigma) was added to the culture medium at the same time as BUdR, at a final concentration of 1, 10, 50, or 100 M. Glutathione (10 M; Sigma) or ascorbic acid (0.01%; Sigma) was added to the culture medium to retard oxidation of dopamine. Control cultures were incubated with no drugs, with the receptor antagonist alone, or with the antioxidant alone. BUdR was added to the medium in all cultures.
The following method was used to measure cell output. 3 H-TdR and BUdR injections were administered 2 hr apart to pregnant mice carrying E13 embryos. Explants were prepared after the BUdR injection, and BUdR was added to the culture medium (Takahashi et al., 1999) . After 12 hr exposure to dopamine plus antioxidants or antioxidant alone (control), cultures were fixed. Coronal sections of the explants were stained immunohistochemically for BUdR and processed for autoradiography. 3 H-TdR-only labeled cells were identified in the sections and counted within a 120 ϫ 240 m 2 sector of the LGE. In each experiment, we used 18 -24 explants taken from 9 -12 embryos (CD1 mice have large litters; 10 -13 embryos per litter is common). The explants were assigned randomly to different experimental groups. One group was always the control group (no additives, receptor antagonist only or antioxidant only). We calculated BUdR LI for each explant (four sections per explant) and calculated mean and SEM values for a given experimental group (consisting of four to six explants). We performed 10 experiments using E13 explants and 4 using E14 explants to test the effects of dopamine on BUdR LI. We performed five experiments each to examine the effects of D1-and D2-agonists and to examine specificity of the effects using the antagonists.
Dopamine receptor binding and G-protein coupling. Embryonic heads (E13) or brains (E14 onward) were snap frozen in isopentane cooled in liquid nitrogen and sectioned in the coronal plane at 12 m thickness on the cryostat. The sections were mounted on glass slides and incubated with tritiated D1-like (Schering 23390, 1 nM) or D2-like (raclopride, 3 nM) antagonists. Nonspecific binding was assessed with 10 M dopamine. The optical density of the autoradiograms was measured over the LGE and the neostriatum (including the area corresponding to the 20 bins in which the BUdR LI was analyzed) using a computerized image analysis system (MCID, Ontario, Canada). Optical density values were converted to "nanocurie per milligram of tissue equivalent" after calibration with Amersham tritiated polymer standards (Arlington Heights, IL). The nanocurie per milligram of tissue equivalent values were converted to femtomoles of bound ligand per milligram of tissue on the basis of the specific activity of the antagonists used. The experiments were performed on two to three embryos (or newborn mice) for each age group taken from each of three litters.
For G-protein coupling assays, 12-m-thick cryostat sections of the whole embryonic heads were used from E15 and E16 mice. 125 I]iodosulpiride, and dopamine. After the incubations and washes, the sections were exposed to film.
In vivo administration of dopaminergic drugs. We administered two intraperitoneal injections of the D1 receptor agonist SKF 81297 (10 or 20 mg/kg), or saline (control groups) to pregnant mice carrying E13 embryos. The injections were spaced 3 hr apart. BUdR (50 mg/kg, i.p.) was administered 1 hr after the second SKF 81297 injection. The mice were killed 2 hr after the BUdR injection, and the embryonic heads were processed for paraffin-wax histology. Thus, the embryos were exposed to SKF 81297 for 6 hr and to BUdR for the final 2 hr. We used three litters per each dose of SKF 81297 and two litters in the control (saline) group. BUdR LI was calculated in four sections each from four to five embryonic brains from each litter.
The dopamine precursor L-DOPA was administered to pregnant mice in drinking water from E10 to E13. L-DOPA (2 mg/ml; Sigma) was dissolved in 0.025% ascorbic acid (Sigma; an antioxidant that protects L-DOPA). Control groups received 0.025% ascorbic acid alone. BUdR was administered to the pregnant mice on E13. The embryos were killed 2 hr after the BUdR injection, and their heads were processed for paraffin-wax histology. We used three litters per each dose of L-DOPA and three litters in the control (saline) group. BUdR LI was calculated in four sections from each of four embryonic brains from each litter.
The D1-like antagonist Schering 23390 was injected into the forebrain ventricles of E15 mice in utero. Pregnant mice were anesthetized, and a laparotomy was performed to expose the gravid uterine horns. The orientation of the embryonic head inside the intact amniotic sac was established without incising the uterine wall. One microliter solution of Schering 23390 (RBI/Sigma; 100 M in PBS) or PBS was injected into the brain using a Hamilton syringe fitted with a glass electrode tip. The solutions contained 0.025% fast green. In every successful injection, the lateral ventricles turned dark green as the fast green filled the ventricles. Every embryo in which the anatomical landmarks could be established unequivocally was injected. Only those embryos in which the injection site could be verified by visual inspection of the green color in the ventricles were used for further analyses. Once the injections were completed, the abdominal incision was closed, and the mother was allowed to recovered from the effects of anesthesia. BUdR was injected into the mother 2 hr after the completion of the last intraventricular injection. The mother was anesthetized again 2 hr after the BUdR injection, and the embryos were removed and processed for histology. We used five litters for Schering 23390 injections and four litters for saline injections. Two to six embryos per litter were injected. BUdR LI was calculated in four sections from each embryonic brain.
BUdR LI calculation in vivo. Embryonic heads (E13) or brains (E15) were immersed in 70% ethanol and processed for paraffin-wax histology and BUdR immunohistochemistry (Bhide, 1996) . BUdR LI was calculated within a 120 ϫ 200 m 2 sector of the LGE. The sector was divided into 20 bins, 12 ϫ 10 m 2 , and the LI was also calculated separately for each bin.
In all of the in vivo and in vitro experiments, BUdR LI calculation was performed in sections chosen from the midportion of the rostrocaudal extent of the LGE to ascertain uniform sampling across the different experimental groups. Figure 1 . Neurogenesis in the LGE occurs in a dopamine-rich milieu. When E11 mice were exposed to BUdR, labeled cells were found at the lateral margin of the neostriatum (B, arrow) just medial to the external capsule (B, white arrowhead) as well as outside the neostriatal borders on P30 (B, black arrowheads, E11-P30). When E12 mice were exposed to BUdR, labeled cells were found throughout the neostriatum (C, arrows) as well as outside the neostriatum on P30 (E12-P30). The position of labeled cells shown in B and C is indicated by white rectangles in A. When a double S-phase labeling method was used, cells labeled with 3 H-TdR-only were present in the neostriatum on P30 if the S-phase marker injections were administered on E12 (D, arrows, E12-P30) or E18 (E, arrow, E18-P30) but not on E11, confirming that neostriatal neurogenesis began on E12. F, TH-positive axons in the neostriatum (arrow) on E13. The boxed area in F is shown at a higher magnification in G to illustrate growing tips of TH-positive fibers (G, arrows) within 25-50 m of the lateral ventricular border. TH-positive axons and growth cones (white arrows) are in close proximity to BUdR-labeled (green) nuclei in the LGE ( H ). Red blood cells that fluoresce in both the green and red filters appear yellowish orange (H, white arrowheads). Dopamine content of the forebrain was undetectable on E12 and rose dramatically between E12 and E13 ( I ) coincident with the arrival of TH-positive axons in the LGE ( F). BUdR LI decreased between E12 and E13 in the S-phase zone of the LGE ( 
Results

Neostriatal neurogenesis occurs in a dopamine-rich milieu
We examined the temporal relationship between the onset of neostriatal neurogenesis and the arrival of dopamine in the developing neostriatum. A single injection of BUdR on E12, E13, or E15 but not E11 produced BUdR-labeled cells in the neostriatum on P30 (Fig. 1) . The E11 injections resulted in labeled cells at the lateral border of the neostriatum ( Fig. 1 B, arrow) as well as outside neostriatal borders on P30 ( Fig. 1 B, black arrowheads) . When we used a double-S-phase labeling method, which permits delineation of a cohort of cells that underwent their last S-phase over a precisely defined 2 hr interval (Takahashi et al., 1994) , 3 H-TdRonly labeled cells were present in the P30 neostriatum after injections on E12 (Fig. 1 D, arrows) , E13, or E18 ( Fig. 1 E, arrow) but not E11. Therefore, we conclude that neostriatal neurons are produced in mice on and after E12.
TH-positive axons were present in the developing neostriatum on E13 (Fig. 1 F) . A few TH-positive axons left the main bundle and approached the lateral ventricular border (Fig. 1G) . TH-positive axons and growth cones were in close proximity to BUdR-labeled, proliferating progenitor cells in the LGE on E13 (Fig. 1 H) . Thus, presumptive dopaminergic axons enter the LGE and are in close proximity to dividing LGE progenitor cells on E13. Substantial numbers of TH-positive axons entered the LGE and the neostriatum on E14 and later (data not shown).
TH immunoreactivity in the E13 LGE/neostriatum is indicative of but does not confirm the presence of dopamine. Therefore, dopamine content was estimated by HPLC in the forebrains of E12, E13, E14, and E15 mice. Dopamine content of the forebrain was undetectable on E12 and rose substantially to 73.5 Ϯ 10.1 pg/mg tissue (mean Ϯ SEM) on E13 and remained high thereafter (Fig. 1 I) .
Onset of dopaminergic innervation coincides with changes in cell proliferation in the LGE
We estimated the proportion of cells in S-phase in the LGE on E12 and E13, before and after dopamine arrived, respectively, by calculating the BUdR LI after a single "pulse" of BUdR. We found a 15.7% reduction in the BUdR LI in the S-phase zone, which was identified (Fig. 1 J) on the basis of criteria established previously (Bhide, 1996) , between E12 and E13 (mean Ϯ SEM values: E12, 0.53 Ϯ 0.02; E13, 0.44 Ϯ 0.02; t test; p ϭ 0.02). The reduction indicates that fewer cells entered S-phase on E13 compared with E12.
If temporal coincidence alone were sufficient, the reduction in the BUdR LI could be interpreted as a consequence of the arrival of dopamine. However, other factors might have contributed to the LI reduction. We developed an explant culture system in which we could use dopamine or its receptor agonists/antagonists as the only variable and determine unequivocally whether dopamine influenced LGE cell proliferation.
An explant culture system to study cell cycle parameters in the LGE in vitro Explants of the entire ganglionic region, containing the LGE and the medial ganglionic eminence (Fig. 2 A) , were cultured, and BUdR LI was calculated in a 120 ϫ 240 m 2 sector of the LGE (Fig. 2 B) . This sector corresponded to the region in which cell cycle kinetics were analyzed in vivo (Bhide, 1996; Sheth and Bhide, 1997) . The sector was divided into 20 bins. Each bin was 12 ϫ 120 m 2 wide. When the LI was analyzed for the ventricular zone (VZ) only (bins 1-7), it steadily increased during the 0.5-12.0 hr culture period (Fig. 2C) , indicating that new cells were entering S-phase and that the G 1 -S-phase checkpoint was cleared. In the next series of analyses, the LI was calculated for each of the 20 bins and for each of the six 2 hr labeling intervals (from 0.5 to 12.0 hr). The marked rise in the LI in bin 1 between 0.5 and 12.0 hr (Fig. 2 D) shows that nuclei of cells in S-phase at the time of explantation and of other cells entering S-phase later (therefore labeled with BUdR) moved through G 2 -phase and into mitotic phase (M-phase or prophase (Bhide, 1996; Takahashi et al., 1999) . Thus, the S-G 2 -M checkpoint was also cleared successfully. The interkinetic nuclear migration was preserved in the explants.
The incidence of cell death was analyzed in the explants using a modified terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) procedure (Gavrieli et al., 1992; Verney et al., 2000) . The percentage of TUNEL-labeled nuclei (compared with all nuclei, on a per 100 m 2 basis) was BUdR LI (BUdR-labeled cells divided by all cells) was calculated within a 120 ϫ 240 m wide sector of the LGE (A, B, boxed region). The sector was subdivided into 20 bins (12 ϫ 120 m) using a microscope ocular grid. Initially, the BUdR LI was calculated for the VZ (corresponding to bins 1-7) and plotted against labeling interval ( C). VZ consists predominantly of progenitor cells (and only very few postmitotic cells), fulfilling the criteria for a cell population the cell cycle kinetics of which can be analyzed by cumulative S-phase labeling methods (Nowakowski et al., 1989) . The BUdR LI increased linearly in the VZ from 0.5 to 12 hr ( C), suggesting that the progenitor cells entered S-phase successfully clearing G 1 -to S-phase transition. When the BUdR LI was calculated for each of the 20 bins for each labeling interval (0.5 to 12 hr) and plotted against distance from the ventricular surface, the LI profiles changed in step with the interkinetic nuclear migration of the progenitor cells ( D ϳ0.1%. Cell death was also examined by counting pyknotic nuclei in basic fuchsin-stained sections (Takahashi et al., 1999; Verney et al., 2000) . By this method also, the incidence of pyknotic profiles was Ͻ0.1%. There were virtually no TUNEL-positive or pyknotic profiles in the VZ/subventricular zone (SVZ) region. The few profiles that were seen were in the differentiating striatal fields. There was no histological evidence of necrosis (e.g., swollen nuclei or cells, vacuoles, or large extracellular spaces) in the explants (Fig. 2 A, B) .
Dopamine D1 and D2 receptor binding sites in the embryonic neostriatum
Both D1-like and D2-like binding sites were present in the neostriatum on E13, but their density increased markedly during development (e.g., 15-and 23-fold increase in D2-and D1-like binding sites, respectively, from E13 to E14) ( Table 1) . Examples of D1-like binding are shown in Figure 3 . We were unable to acquire good quality photographs of the autoradiographic films from the D2-like receptor binding experiments, because the binding intensities were very low. We performed additional experiments to illustrate D2-like receptor binding in the embryonic neostriatum (see Fig. 7 ), which we describe in a later section. On the basis of the receptor binding data alone, we hypothesized that the effects of dopamine on LGE cell proliferation would be D1-like effects because of the seeming preponderance of D1-like binding sites, provided the effects of activation of each receptor subtype were different. However, we did not know whether D1-like and D2-like receptor activation produced the same or different effects on LGE cell cycle kinetics. We addressed that issue next.
D1-like and D2-like receptor agonists produce opposite effects on BUdR LI
We exposed E13 LGE explants to the D1-like receptor agonist SKF 38393 (1 or 10 M) or SKF 81297 (1 or 10 M) for 12 hr in the presence of BUdR and calculated the BUdR LI. Both agonists activate D1 and D5 receptors. SKF 38393 (10 M) produced ϳ22% reduction in the BUdR LI, and SKF 81297 (1 M) produced ϳ16% reduction (Fig. 4 A, B) . In both cases, the decrease was statistically significant (mean Ϯ SEM values: SKF 38393, 0.38 Ϯ 0.03; SKF 81297, 0.41 Ϯ 0.04; control, 0.49 Ϯ 0.02; t test; or dopamine (10 M) plus the antagonist to reveal nonspecific or total binding (B, D, F ) and exposed to autoradiographic film. Binding is pronounced in the neostriatum (arrows), and nonspecific binding is seen in the choroid plexus (asterisks). The nonspecific binding was seen also in dopamine-exposed sections (D, F ) and was accounted for when calculating the binding intensities shown in Table 1 .
Figure 4. Two dopamine D1-like receptor agonists SKF 81297 ( A) and SKF 38393 (B) reduced the BUdR LI in
LGE explants from E13 mice. Two D2-like agonists, quinpirole and PD 128907, produced the opposite effects: they increased the BUdR LI (C, D). The explants were cultured with the agonists or without any drug (Control ) for 12 hr with continuous exposure to BUdR. The BUdR LI was calculated for the entire LGE spanning 20 bins, to include the VZ as well as the SVZ. The BUdR LI in Figure 2C is for the VZ only (i.e., for bins 1-7) and is higher than the values here because the SVZ region (included in the analysis here) also contains nonproliferating (postmitotic) cells that do not become BUdR labeled. The incidence of cell death was Ͻ0.1% under all conditions. Four to six explants were analyzed in each experiment group. The mean and SEM values are based on the five replications.
p ϭ 0.001 for SKF 38393 and p ϭ 0.02 for SKF 81297). SKF 38393 did not produce significant effects at 1 M concentration. The reduction in the BUdR LI indicates that during the 12 hr labeling period, fewer cells entered S-phase from G 1 -phase. We examined the effects of two D2-like receptor agonists, quinpirole hydrochloride and PD128907 hydrochloride. Quinpirole hydrochloride is a D2 receptor agonist with some selectivity to D3 receptors, whereas PD128907 is a selective D3 receptor agonist. Both D2-like agonists produced effects that were opposite of those produced by the D1-like agonists. BUdR LI increased by ϳ43% in explants exposed to 10 M quinpirole hydrochloride and by ϳ20% in explants exposed to 10 M PD128907, compared with control explants (Fig. 4C,D) (mean Ϯ SEM: control, 0.49 Ϯ 0.01; quinpirole, 0.70 Ϯ 0.01; PD128907, 0.59 Ϯ 0.02; t test; p ϭ 0.0001 for quinpirole and p ϭ 0.001 for PD 128907). The two agonists did not produce significant effects at 1 M concentration. The increase in the BUdR LI suggests that a higher proportion of LGE cells entered S-phase during the 12 hr period.
Next, we examined the specificity of the D1-like and D2-like effects. D1-like receptor antagonist Schering 23390 was used to block D1-like receptors before the addition of SKF 38393. Schering 23390 (10 M) virtually completely eliminated the effects of SKF 38393 [mean Ϯ SEM: SKF 38393 ϭ 0.38 Ϯ 0.03; SKF 38393 ϩ Schering 23390 ϭ 0.46 Ϯ 0.03; control (no drugs) ϭ 0.45 Ϯ 0.01]. We used SKF 38393 in these experiments because it was effective at higher concentrations (10 M) compared with SKF 81297. The antagonist blocked the effects of SKF 38393, ruling out the possibility of nonspecific effects even in the case of the agonist that was used at higher concentrations.
The D2-like receptor antagonist eticlopride (10 M) eliminated the effects of quinpirole hydrochloride (10 M) (quinpirole HCl ϭ 0.70 Ϯ 0.01; eticlopride ϩ quinpirole HCl, 0.46 Ϯ 0.02; control, 0.45 Ϯ 0.01). When the explants were exposed to Schering 23390 (10 M) alone or eticlopride (10 M) alone, the LI was not significantly different from that in the control (no drug) explants (mean Ϯ SEM values: Schering 23390 alone, 0.45 Ϯ 0.02; eticlopride alone, 0.45 Ϯ 0.01). The incidence of TUNEL-positive or pyknotic profiles was under 0.1% in the controls and in all of the experimental conditions. The LGE consists of two progenitor populations, a pseudostratified ventricular epithelium in the VZ and a secondary proliferative population (SPP) in the SVZ (Bhide, 1996; Sheth and Bhide, 1997) . We examined whether the D1-like and D2-like receptor activation influenced the two progenitor populations differently. The VZ and SVZ border was determined to be at bin 7 (Fig. 5A) , on the basis of criteria defined previously (Bhide, 1996; Sheth and Bhide, 1997) , and the BUdR LI was calculated for the VZ (bins 1-7) and SVZ (bins 8 -20) separately.
SKF 81297 produced a 14% reduction in the BUdR LI in the VZ (Fig. 5B ) (mean Ϯ SEM values: SKF 81297, 0.73 Ϯ 0.03; control, 0.85 Ϯ 0.01; t test; p ϭ 0.003) but no statistically significant change in the LI in the SVZ (Fig. 5C ) (mean Ϯ SEM values: SKF 81297, 0.21 Ϯ 0.06; control, 0.27 Ϯ 0.02; t test; p ϭ 0.29). We used the D1-like agonist SKF 81297 rather than SKF 38393 in these experiments because it was effective at a lower concentration (1 M) than SKF 38393 (Fig. 4 A, B) . Generally, lower concentrations of agonists are less likely to produce nonspecific effects. The D2-like agonist quinpirole hydrochloride increased the LI in both VZ (by ϳ10%) and SVZ (ϳ63%) (Fig. 5 D, E) . Thus, the effects of the D2-like agonist were more pronounced in the SVZ than in the VZ.
Dopamine reduces BUdR LI in explants of the LGE in the same manner as the D1 receptor agonists
We cultured explants of E13 LGE for 10 -12 hr in the presence of 1, 10, 50, or 100 M dopamine, BUdR (10 M), glutathione (10 M), or ascorbic acid (0.01%). The latter are antioxidants that retard oxidation of dopamine in the culture medium (Marien et al., 1984; Schmidt et al., 1996; Porter et al., 1999) . Control explants were cultured, in parallel, with BUdR and the antioxidant. Dopamine, 50 M and 100 M, produced ϳ20% reduction in the BUdR LI (mean Ϯ SEM values: 50 M dopamine, 0.34 Ϯ 0.04; 100 M dopamine, 0.35 Ϯ 0.03; control, 0.45 Ϯ 0.01; t test; p ϭ 0.03). Dopamine, 1 M or 10 M, did not cause statistically significant changes (mean Ϯ SEM values: 1 M dopamine, 0.45 Ϯ 0.01; 10 m dopamine, 0.44 Ϯ 0.01). The incidence of TUNELpositive or pyknotic profiles was not altered by dopamine even at 100 M concentrations (Ͻ0.1% incidence of cell death in control and dopamine-exposed explants). The effects of dopamine on BUdR LI are similar to those produced by the D1-like agonists and opposite those produced by the D2-like agonists.
We found that 10 M dopamine reduced the BUdR LI by ϳ23% in the E14 LGE over the 12 hr period (mean Ϯ SEM values: Figure 5 . Effects of D1-like and D2-like agonists on BUdR LI were examined separately for the VZ and the SVZ in the E13 LGE. The BUdR LI was plotted as a function of distance from the ventricular surface by calculating the LI for each of 20 bins ( A). The border between the VZ and the SVZ was set at bin 7 ( A). The D1-like agonist SKF 81297 reduced the LI in the VZ ( B) but did not produce significant effects in the SVZ (B). The D2-like agonist quinpirole increased the LI in both the VZ ( D) and the SVZ (E), with a larger increase in the latter. 0.55 Ϯ 0.03; t test; p ϭ 0.01). Dopamine, 1 M, did not produce statistically significant differences (mean Ϯ SEM values: 0.52 Ϯ 0.01). Thus, a lower concentration of dopamine was effective in the E14 explants compared with the E13 explants.
Dopamine increases cell output in E13
LGE explants Cell output, i.e., cells leaving the cell cycle, was increased by ϳ45% in cultures exposed to 100 M dopamine compared with control cultures (mean Ϯ SEM: dopamine, 26.9 Ϯ 3.6; control, 18.5 Ϯ 2.3; t test; p ϭ 0.004). This is consistent with the finding that dopamine reduced G 1 -to S-phase entry of LGE progenitors.
Effects of dopamine and its receptor activation in the LGE in vivo
We administered dopaminergic drugs to mice to examine the effects on the BUdR LI in the intact brain in vivo. We used a 2 hr BUdR labeling paradigm rather than the more laborious 12 hr cumulative labeling paradigm in these experiments. The 2 hr BUdR exposure labels cells in S-, G 2 -, and M-phases (Bhide, 1996; Mitsuhashi et al., 2001) . Therefore, changes in the 2.0 hr BUdR LI produced by the dopaminergic drugs reflect changes in the number of cells in S-, G 2 -, and M-phases, and also, in turn, the corresponding changes in the number of cells in G 1 -phase or cells exiting the cell cycle (the latter will be non-BUdR labeled).
We administered the D1 receptor agonist SKF 81297 by intraperitoneal injections to pregnant mice carrying E13 embryos. Previous studies showed that D1-like agonists crossed the placental and blood-brain barriers and activated D1 receptors in the embryonic brain (Shearman et al., 1997) . We observed a dose-dependent effect of SKF 81297 on BUdR LI (Fig. 6 A) . SKF 81297, 20 mg/kg, reduced the BUdR labeling index in the LGE by ϳ15% compared with salineinjected controls (mean Ϯ SEM values: control, 0.53 Ϯ 0.01; 20 mg SKF 81297, 0.45 Ϯ 0.03; p ϭ 0.02; t test), whereas 10 mg/kg did not produce significant changes (10 mg SKF 81297: 0.52 Ϯ 0.01; p ϭ 0.07). The reduction in the BUdR LI indicates that fewer cells entered S-phase from G 1 -phase (Bhide, 1996; Mitsuhashi et al., 2001) .
We administered the dopamine precursor L-DOPA to pregnant mothers in drinking water. Previous studies indicated that L-DOPA administered to pregnant mothers in drinking water caused a significant increase in the dopamine content of the embryonic brain (Zhou and Palmiter, 1995; Rios et al., 1999) . We found that there was an increase of ϳ50% in the dopamine content of the basal forebrain of embryos receiving L-DOPA (mean Ϯ SEM values, picogram per milligram of tissue: ascorbic acid alone, 104 Ϯ 24; L-DOPA ϩ ascorbic acid, 157 Ϯ 9.9; t test; p ϭ 0.03). D) on BUdR LI in the LGE of E13 mice in vivo and the effects of blocking the D1-like receptors on BUdR LI in the LGE of E15 mice in vivo (E, F ). BUdR exposure was for 2 hr, and the LI was calculated for the entire LGE sector (A, C, E) as well as for each of 20 bins to analyze interkinetic nuclear migration (B, D, F ). SKF 81297 was injected intraperitoneally into pregnant mice in two doses to produce a 6 hr exposure of the E13 embryos to the drug. Control groups received saline injections. BUdR was administered to the mother 2 hr before it was killed. SKF 81297 reduced the BUdR LI in the LGE at 20 mg/kg but had no effect at 10 mg/kg ( A). The dopamine precursor, L-DOPA, and the antioxidant ascorbic acid were administered to pregnant mice in drinking water from E10 to E13. Control groups received ascorbic acid only. BUdR was administered to the mothers 2 hr before they were killed. L-DOPA also reduced the BUdR LI in the LGE ( C). Thus, as in the explants, D1-agonist and dopamine reduced the BUdR LI. The D1-like receptor antagonist Schering 23390 was injected into the forebrain ventricles of E15 mice in utero. Two hours later, BUdR was administered to the mother carrying the injected embryos. The mice were killed 2 hr after the BUdR administration. Schering 23390 increased the BUdR LI ( E). The increase in the LI indicates that augmenting D2-like receptor activation by endogenous dopamine as a result of blocking the endogenous D1-like receptors promoted G 1 -to S-phase entry. The BUdR LI is lower at E15 ( E) than at E13 (A, C) because of the normal developmental decline in cell proliferation. The distribution of BUdR LI in the 20 bins in the drug-administered groups was similar to that in the control groups in all three experiments (Fig. 6 B, D,F ) . Therefore, the interkinetic nuclear migration was preserved after the drug administration, indicating that there was no gross perturbation of cell cycle progression. The marked rise in the LI in bin 1 in the E13 plots (B, D, arrows) is not evident in the E15 plots ( F). The size of the SVZ increases significantly from E13 to E15. The SVZ progenitors do not migrate to the ventricular border (bin 1) for M-phase. Therefore, there is a lower increase in the BUdR LI in that region on E15 compared with E13.
L-DOPA reduced the BUdR LI in the LGE by ϳ11% (Fig. 6C ) (mean Ϯ SEM values: control, 0.53 Ϯ 0.01; L-DOPA, 0.47 Ϯ 0.02; p ϭ 0.03; t test). As discussed above for the SKF 81297 data, these reductions suggest that L-DOPA reduced the number of cells entering S-phase. The reduction in the BUdR LI after L-DOPA administration was smaller than the reduction after SKF 81297 administration, probably because the higher dopamine levels activated both the D1-like and D2-like receptors.
D2 receptors are coupled to G i proteins. We examined whether the D2 receptor-G-protein coupling occurred in the embryonic neostriatum using sections of the brain from E15 and E16 mice. We chose E15 and E16 because D2-like binding sites are at a higher density (Table 1) at these ages than at E13 or E14. The experiment consisted of three steps; the data are shown in Figure 7 . We used an iodinated ligand in these experiments rather than the tritiated ligand used in the receptor binding assays (Table 1), because the iodinated ligand produces a more intense signal in the autoradiograms, although it increases the background and reduces resolution in the photographs. In the first step, we showed that the D2 antagonist radioligand [
125 I]iodosulpiride binds to D2 receptors in neostriatum (Fig. 7 A, D) . It reconfirmed the existence of D2-like binding sites demonstrated by using the tritiated ligand (shown in Table 1 for E15). In the second step, we showed that 2 M dopamine binds to the receptors and displaces [
125 I]iodosulpiride (virtually no label in Fig.  7 B, E) . In the third step, we added the nonhydrolyzable GTP analog GTP␥S to the incubation medium along with [
125 I]iodosulpiride and dopamine (Fig. 7C,F ) . The labeling in the presence of all three chemicals was comparable with that in the presence of [
125 I]iodosulpiride alone (Fig. 7 , compare A, D with C, F ).
In the third step (Fig. 7C,F ) , the excess GTP␥S bound to the ␣ subunit of the G-proteins that were coupled to D2-like receptors (G i proteins). That binding triggered their dissociation from the receptors ("uncoupling" the receptor from the G-protein) and hence lowered the affinity of the receptors for the agonist dopamine. Therefore, dopamine did not bind to the receptors in the presence of GTP␥S. The affinity of the antagonist, [
125 I]iodosulpiride, does not depend on the coupling state of the receptor: it will bind to coupled as well as uncoupled receptors. Therefore, even in the presence of GTP␥S and dopamine, [
125 I]iodosulpiride bound to D2 receptors (Fig. 7C,F ) . Although the displacement of [ 125 I]iodosulpiride by a relatively low concentration of the endogenous agonist dopamine in the first experiment ( Fig. 7 B, E) is an indication that D2 receptors are coupled, it is possible that dopamine displaced [
125 I]iodosulpiride from uncoupled D2 receptors as well. To rule out that possibility rigorously, the third series of experiments using GTP␥S, dopamine, and [
125 I]iodosulpiride was performed. These data show that the D2-like receptors are G-protein coupled in the embryonic striatum and in that sense "function" in a manner similar to that in the mature brain. In the final series of in vivo experiments, we injected a D1-like receptor antagonist into the embryonic brain to block D1-like receptor activation and reveal the effects of D2-like receptor activation on BUdR LI by endogenous dopamine. Although our goal was to illustrate the effects of D2-like receptor activation on the BUdR LI, we did not inject a D2-like agonist. We reasoned that activation of D2-like receptors by exogenous D2-like agonist might not be sufficient to override the effects of activation of the abundant D1-like receptors by the endogenous dopamine.
We injected the D1-like receptor antagonist Schering 23390 or PBS (control) into the forebrain ventricles of E15 mice in utero (1 l of a 100 M solution in PBS; an estimated maximum final concentration of 5-10 M, assuming a ventricular volume of 10 -20 l and allowing for diffusion of the drug into the brain). We chose E15 mice rather than E13 mice because intrauterine intraventricular injections were difficult to perform on E13 and our success rate was low. The mothers were administered BUdR 2 hr after the Schering 23390 or PBS injections, and the embryos were removed for histological analyses 2 hr after the BUdR injection. The BUdR LI in the LGE was increased by ϳ40% in the embryos receiving Schering 23390 compared with the vehicleinjected embryos (Fig. 6 E) (mean Ϯ SEM values: Schering 23390, 0.31 Ϯ 0.02; control, 0.22 Ϯ 0.01; t test; p ϭ 0.004).
The 2 hr BUdR LI on E15 is lower than that on E13 in both the control and experimental groups (Fig. 6, compare E with A, C) . The reason for the lower LI is that there is a normal decline in proliferative activity and lengthening of the cell cycle during the interval between E13 and E15 (Caviness et al., 1995; Takahashi et al., 1997) .
We analyzed the BUdR LI on the basis of "bins" in all three in vivo experiments. The overall pattern of distribution of BUdR LI in the 20 bins in the drug-administered group was similar to that in the control group in all three experiments (Fig. 6 B, D,F ) . Thus, although there were significant differences between the control and experimental groups in the BUdR LI, the interkinetic nuclear migration was preserved after the drug administration, indicating that there was no gross perturbation of cell cycle progression.
The BUdR LI plots are different between E15 (Fig. 6 F) and E13 (Fig. 6 B, D) mice at the level of bin 1. The marked rise in the LI in this bin in the E13 LGE (Fig. 6 B, D, arrows) is not evident in the E15 LGE. A large SVZ develops in the LGE by E15 (P. G. Bhide, unpublished observations). The SVZ progenitors do not undergo interkinetic nuclear migration (Bhide, 1996; Sheth and Bhide, 1997) . Therefore, a large number of BUdR-labeled LGE progenitors do not move toward the ventricular surface (bin 1) for M-phase on E15 but undergo M-phase away from the ventricular surface, thereby causing a smaller increase in the BUdR LI in bin 1.
Discussion
Our data show that dopamine arrives in the LGE via the nigrostriatal pathway on E13 and that the dopamine content of the forebrain remains high from E13 onward throughout the period of neostriatal neurogenesis. Dopamine receptor activation modulates the cell cycle of LGE progenitors. Specifically, dopamine D1-like receptor activation reduces G 1 -to S-phase entry, whereas D2-like receptor activation promotes G 1 -to S-phase entry. The D1-like effects are prominent in the VZ, and the D2-like effects are prominent in the SVZ. D1-like receptor binding sites appear to predominate over the D2-like binding sites in the embryonic neostriatum. However, the D2-like receptors are coupled to G i proteins in the embryonic neostriatum. The effects of dopamine on the BUdR LI are D1-like effects, most likely because of the apparent abundance of D1-like binding sites.
The changes produced by dopamine and its receptor agonists on BUdR LI in the present study are generally ϳ15-20%, although D2-like agonists produced larger increases (40 -60%) in the BUdR LI, and dopamine produced a larger increase (45%) in cell output. The 15-20% changes in BUdR LI might appear relatively modest. However, we point out that our analyses were performed in explants of the LGE where neuroepithelial integrity is maintained and the progenitor cells are not "liberated" from their communal constraints. In our explant system, even basic fibroblast growth factor, one of the most potent mitogenic factors for CNS progenitor cells, produced only 10 -20% increases in the BUdR LI (Goto et al., 2002) , although it increased proliferation to a much higher degree in dissociated cell preparations (Ghosh and Greenberg, 1995) . Therefore, a comparison between the magnitude of the effects on cell proliferation in explants or in vivo and the effects in dissociated cells should take into account the differences between the experimental systems.
We suggest that dopamine receptors exert a tonic influence on cell cycle rather than radically altering the course of neurogenesis. In other words, dopamine receptor activation modulates the normal course of neurogenesis by altering the existing molecular machinery of the cell cycle, without completely overriding the control mechanisms. In this scenario, dopamine receptors act in concert with each other and with other mitogenic and antimitogenic signals to influence proliferative tone. The significance of tonic effects should not be underestimated. Loss of proliferative tone, that is, relatively small and short-lived fluctuation in neuroepithelial cell cycle kinetics and cell output, can profoundly alter the total number of cells produced by the neuroepithelium over many cell cycles (Caviness et al., 1995; Takahashi et al., 1997) . If the normal pattern of cell output is altered "slightly" and transiently, by only ϳ10% over an 8 -10 hr period in the course of 2 of 11 rounds of cell divisions, the total number of cells produced can increase by up to 550% (Takahashi et al., 1997) .
Previous reports indicated that dopamine influenced cell proliferation in vascular smooth muscle cells (Yasunari et al., 1997) , in cultured human meningioma cells (Schrell et al., 1990) , in Chinese hamster ovary cells (Lajiness et al., 1993; Scarselli et al., 1999) , in olfactory neuronal cell lines (Coronas et al., 1997) , and in the pituitary (Saiardi et al., 1997) . Dopamine was found to influence differentiation of dissociated striatal neurons (Schmidt et al., 1996) . Thus, our findings fit within the larger context of the action of dopamine on the molecular machinery of the cell cycle.
Other neurotransmitters and neuroactive substances also influence neurogenesis. The excitatory neurotransmitter glutamate and the inhibitory neurotransmitter GABA decrease G 1 -to S-phase entry in the neocortical neuroepithelium (LaMantia, 1995; LoTurco et al., 1995; Gallo et al., 1996; Ma et al., 1998; Owens et al., 1999; Haydar et al., 2000) . Prenatal cocaine exposure, which affects dopamine, serotonin, and norepinephrine levels, alters neurogenesis in the primate neocortex (Lidow and . Pituitary adenylate cyclase activating polypeptide and vasoactive intestinal polypeptide also have potent effects on cell proliferation in the telencephalic neuroepithelium (Pincus et al., 1994; Lu and DiCicco-Bloom, 1997; DiCicco-Bloom et al., 1998; Carey et al., 2002) .
We show that D1-like and D2-like receptor activation produce mutually opposing effects on BUdR LI. The balance between the level of activation of the two receptors ultimately must set the threshold for overall dopaminergic effects on neurogenesis. The diversity in receptor distribution among the different brain regions and in different cell types confers an enormous level of selectivity to the effects of dopamine on neurogenesis. Progenitor subpopulations, for example, progenitors in the VZ versus SVZ, glial versus neuronal progenitors, oligodendrocyte progenitors versus others, may express exclusively or predominantly D1-like or D2-like receptors (Bongarzone et al., 1998) . Depending on the size of each subpopulation, a predominantly D1-like or D2-like overall effect may be elicited at a given developmental stage. Moreover, synergistic interactions may exist between the two receptors (Spealman et al., 1992) or interactions between dopaminergic and other neurotransmitter receptors (Cepeda and Levine, 1998) or growth factors (Guillin et al., 2001; Kuppers and Beyer, 2001) .
Our finding that D2-like agonists increase the BUdR LI in both the VZ and the SVZ and that the effects are more pronounced in the SVZ suggests the possibility that D2-like receptor stimulation is involved in the development of the SPP in the SVZ. In support of this, D3 receptor mRNA is expressed selectively in the ganglionic neuroepithelium early in embryonic development, earlier than in the dorsal forebrain (Diaz et al., 1997 ). An SPP emerges in the LGE earlier than in the dorsal forebrain (Bhide, 1996; Sheth and Bhide, 1997) . Therefore, D2-like receptor activation may promote the establishment and maintenance of the SPP. These findings may be relevant to understanding a role for dopamine in the regulation of cell proliferation in the SVZ of the mature brain.
The relevance of the role of dopamine in cell cycle regulation is unlikely to be limited to neostriatal histogenesis. Neurons produced in the ganglionic region migrate long distances to establish interneuronal circuitry throughout the forebrain (Anderson et al., 1997; Tamamaki et al., 1997; Lavadas et al., 1999; Marin et al., 2000) . Any diminution of GABAergic neuronal deployment from the ganglionic region may cause general (vs focal or localized) deficits or disturbances in GABAergic circuitry such as those associated with epilepsy and schizophrenia (Akbarian et al., 1995; Benes et al., 1996; Flint and Kriegstein, 1997; Woo et al., 1998) . Interestingly, some of those illnesses, especially schizophrenia, also show altered dopaminergic function (Benes, 2000; Tallman, 2000) . Therefore, understanding dopaminergic influences on neurogenesis is critical not only for understanding mechanisms regulating neostriatal development but also development of inhibitory interneuron circuits throughout the telencephalon.
Our data reveal a novel role for dopamine in brain development, namely a role in cell cycle regulation. Understanding the effects of dopamine on the cell cycle may facilitate interpretation of changes in the cytoarchitecture of the mature brain produced by dopamine imbalance in developing brain. Prenatal cocaine exposure (Lidow, 1995) , loss of dopamine receptor (Xu et al., 1994 (Xu et al., , 1997 Drago et al., 1998) , or deficiencies in dopamine biosynthetic machinery (Rios et al., 1999) alter the cytoarchitecture of the brain permanently. Thus, our data underscore the significance of taking into account the effects of dopamine on neurogenesis when interpreting changes in CNS cytoarchitecture caused by a disruption of the dopaminergic system in the developing brain.
